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ABSTRACT

The morphology and evolution of the stratospheric ozone (03) distribution at high latitudes in the

Northern Hemisphere (NH) are examined for the late summer and fall seasons of 1999. This

time period sets the 0 3 initial condition for the SOLVE/THESEO field mission performed during

winter 1999-2000. In situ and satellite data are used along with a three-dimensional model of

chemistry and transport (CTM) to determine the key processes that control the distribution of 03

in the lower-to-middle stratosphere. 03 in the vortex at the beginning of the winter season is

found to be nearly constant from 500 to above 800 K with a value at 3 ppmv +/- --10%. Values

outside the vortex are up to a factor of 2 higher and increase significantly with potential

temperature. The seasonal time series of data from POAM shows that relatively low 03 mixing

ratios, which characterize the vortex in late fall, are already present at high latitudes at the end of

summer before the vortex circulation sets up. Analysis of the CTM output shows that the

minimum 03 and increase in variance in late summer are the result of 1) stirring of polar

concentric 03 gradients by nascent wave-driven transport, and 2) an acceleration of net

photochemical loss with decreasing solar illumination. The segregation of low 03 mixing ratios

into the vortex as the circulation strengthens through the fall suggests a possible feedback role

between 03 chemistry and the vortex formation dynamics. Trajectory calculations from 03

sample points early in the fall, however, show only a weak correlation between initial 03 mixing

ratio and potential vorticity later in the season consistentwith order-of-magnitude calculations

for the relative importance of 03 in the fall radiative balance at high latitudes. The possible

connection between 03 chemistry and the dynamics of vortex formation does suggest that these

feedbacks and sensitivities need to be better understood in order to make confident predictions of

the recovery of NH 03.



1.INTRODUCTION

Thefutureof stratospheric03,especiallyin theNorthemHemisphere(NH) polarregion,is

uncertain.Decreasingabundancesof reactivechlorinein thestratosphere[J.W. Elkins,personal

communication,2001], resultingfrom internationalregulationof chlorofluorocarbonemissions,

shouldresult in arecoveryof polar03towardits pre-industriallevels [WMO, 1999]. Onthe

otherhand,theconsequencesof increasinggreenhousegasesandglobal warmingin the lower

atmospherewill mostlikely leadto conditionsmoreconduciveto 03destruction,i.e.,colder

polarstratospherictemperatures,increasedstratosphericwatervapor,or alteredwavedriving

[Felset al., 1980;Kirk-Davidoff et al., 1999;Shindellet al., 1999]. Thesechangesleadto

increasedprobabilityof polarstratosphericcloud(PSC)formation,enhancedactivationof

reactivechlorine,andaccelerated03 loss. Total03 athigh latitudesin March,whenchlorine-

induced0 3 loss is generally at its maximum in the NH, shows evidence of a 10-year decreasing

trend in 1988-1997; however 3 of the past 4 years including 2001 show relatively high 03,

similar to levels before 1990 [Newman and Harris, 2002]. We need to better understand the

chemical and dynamical processes that produce the observed changes in polar 03 in order to

predict the future of stratospheric 03 with confidence in the face of changing climate and trace

gas abundances.

Springtime O3, particularly in the lower stratospheric polar vortex, is controlled by vertical and

horizontal transport, and chemical loss through the winter and spring. Vortex 0 3 in spring also

depends somewhat on the initial 03 present in fall season when the vortex forms. Accurate

knowledge of the initial vortex 03 distribution is needed to diagnose 0 3 chemical and dynamic



changesthatoccuroverthecourseof thewinterandspring[e.g.,Manneyet al., 1994;Muelleret

al., 1997].

Theneedto betterunderstandthedetailsof NH polar03changemotivatedtheSAGEIII Ozone

LossandValidationExperimentffhirdEuropeanStratosphericExperimentonOzone2000

(SOLVE/THESEO)[NewmanandHarris,2002],whichwasconductedduringthe 1999-2000

NH winter. Thepresentstudyis setin theSOLVE/THESEOcontextto providea good

characterizationof the initial conditionagainstwhich thecontributionsof 03chemicaland

transportchangescanbeevaluatedfor thewinterandspring1999-2000,andto examinethe

processesthatproducetheinitial 03distributionsasthevortexforms.

Previousstudiesof stratosphericvortexformationhaveestablishedthattheearlydevelopmentis

controlledprimarily bytheseasonalprogressionof zonally symmetricnet radiativeheatingand

cooling,whichproducesinitial temperaturedecrease,descent,andstrongcycloniccirculation

[ButchartandRemsberg,1986;O'Neill andPope,1990;SchoeberlandHartmann,1991]. Later

in thefall season,planetarywavepropagationbecomesrelativelymoreimportantin determining

thetemperature,descentrate,andsizeandpositionof thevortex[Cloughet al., 1985;Juckesand

O'Neill, 1988]. Evidencefor theseprocesseshasbeenderivedfrom analysisof tracegas

observationsaswell asmeteorologicalfields[e.g.,ButchartandRemsberg,1986;Ruthetal.,

1994;Manneyet al., 2000]. Vortexclimatologies[BaldwinandHolton, 1988;Waughand

Randel,1999]showthatthevortexdevelopssimilarly in eachhemisphereandthatthereis only a

smalldegreeof interannualvariability in theearlymonths(October-Novemberin theNH). The

observedhemisphericandinterannualsimilaritysupportstheprimaryrole of net radiative



coolingin vortexformation. Theradiativebalancein thepolarstratosphereispredominantly

betweencooling from CO2emissionandabsorptionof sunlightby 03. Emissionby watervapor

and03makesacontributionof lessthan10%[Rosenfield,1992].

While numerousstudieshaveaddressedthedetailsof theprocessesthatcontrolvortex

maintenanceduringwinterandits dissipationin stratosphericwarmings,comparativelylittle

workhasbeendoneon thedetailsof vortexformationand,in particular,theevolution of 0 3

during vortex formation. We are interested in the fall 03 distribution for several reasons. As

mentioned above, the initial winter distribution of 03 must be well characterized in order to

distinguish the effects of chemical and transport processes through the winter. More generally,

we need to understand the details of the processes that control the seasonal cycle of 03 through

the fall in order to interpret observed variability. Finally, since 03 is the primary absorber on the

solar heating side of the net radiation balance, its distribution must play a role in the dynamics of

vortex development. This raises the possibility of coupling and feedbacks between the chemical,

radiative, and dynamical processes that are not fully implemented in most numerical models.

Leovy et al. [ 1985] showed that 03 from LIMS in the NH middle stratosphere at 10 mbar in the

October 29 vortex was zonally symmetric with a deep minimum (<3 ppmv) at the pole, which

they initially termed an "ozone hole." The zonal symmetry was perturbed through November

and only weak gradients inside the vortex are evident in December [Leovy et al., 1985; Butchart

and Remsberg, 1986]. Perliski et al. [ 1989] directly address the seasonal cycle of 03 at high

latitudes in comparison to SBUV data in a 2-D model; however, the polar vortex is not well

represented in the 2-D context. 03 and other trace gas distributions from ATMOS in the early
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vortexwereanalyzedfor their transportcharacteristicsby Manneyet al. [1999],but thesedata

areavailableonly attheedgeof thedevelopingvortexwith no samplingat highequivalent

latitudes.Little analysishasbeendoneon thecharacteristicsandcausesof the03 distributionin

thedevelopingvortex.

In thispaperwe analyzein situandsatellitedataalongwith outputfrom athree-dimensional

(3D) chemistryandtransportmodel(CTM), whichuseswindsandtemperaturesfrom

meteorologicaldataassimilation(Douglasset al. [2001] andreferenceswithin). Detailed

analysisof theevolutionof 03athigh latitudesis enabledby datafrom thePolarOzoneand

AerosolMeasurementIII (POAMIII) satelliteinstrument.ThePOAM III datais alsoanchored

by in situ 03datafrom theObservationsof theMiddle Stratosphere(OMS)balloon platform,

whichhasveryhigh verticalresolutionandabsoluteaccuracy.

POAM III is avisible/nearinfraredphotometer(similar to theSAGEII instrument)for making

measurementsof ozone,aerosolextinction,watervapor,andnitrogendioxidein thepolar

stratosphereusingthesolaroccultationtechnique[Luckeet al., 1999]. POAM III makes14-15

measurementsperday in eachhemispherearoundacircle of latitude,with a longitudinalspacing

of about25degrees.Themeasurementlatitudevariesslowly over theyear. In thenorthern

hemispheretheannuallatitudinalmeasurementrangeis 55° N to 73° N, andthemeasurement

coverageexhibitsnearlyexactannualperiodicity(agraphicalrepresentationof thePOAM

measurementcoverageis givenby Lumpeet al. [2002]). In this study,weuseversion3 POAM

III ozoneretrievals,whichhaveaverticalresolutionof about1.1km,andrandomerrorlevelsof

< 10%above10km (< 5%above15km) [Lumpeet al., 2001]. ThePOAM III ozoneretrievals



havebeenvalidatedby comparisonwith 03sondeandsatellitemeasurementsby Ruschet al.

[2002],anddetailedcomparisonsto otherozonemeasurementsmadeduringtheSOLVE

campaignaregivenby Lumpeetal. [2002].

Thepurposeof thispaperis two-fold. Thefirst is simply to characterizethe03 initial

distributionfor theSOLVE/THESEOperiod. Thisanalysiswill facilitateinterpretationof 03

losscalculationsthroughtheSOLVE/THESEOwinter andhasimplicationsfor derivationof 03

lossin otheryearsaswell. The03distributionturnsoutto haVevery interestingmorphological

featuresrelatedto thevortexdynamicalstructureandto high-latitudechemistry. This leadsto

thesecondobjective,which is to examinehowtheinitial winter03distributionevolvesthrough

acombinationof chemistryandtransportprocesses.This in turn leadsusto beginto explorethe

extentto which the 0 3 distribution may exert control on vortex circulation development, which

holds inferences about potential O3/dynamical feedbacks.

2. OBSERVATIONS OF INITIAL VORTEX 0 3

We take late November as our starting point in time for the vortex initial 03. By late November

the vortex circulation is well established (Figure 1) but temperatures have not yet been widely or

consistently cold enough in the lower stratosphere [Manney and Sabutis, 2000; Newman and

Harris, 2002] for PSC formation and chlorine activation. The largest springtime 03 decreases

observed in the NH vortex take place in the lower stratosphere at potential temperatures of about

450 to 500 K in March [Sinnhuber et al., 2000; Richard et al. 2001; Rex et al., 2002; Schoeberl

et al., 2002; Salawitch et al. 2002]. Air at these altitudes in March 2000 originated in the vortex



in November1999at about530to 600K basedon diabatic trajectory calculations [Schoeberl et

al., 2002] and changes in tracer gradients [Ray et al. 2002]. Thus the potential temperature

region of primary interest for this study is around 500 to 800 K.

The 0 3 profile measured from the OMS in situ balloon payload [Salawitch et al., 2002 and

references within] launched from Esrange, Sweden (68 ° N, 21 ° E) on November 19, 1999 is

shown in Figure 1. The 03 mixing ratio is near 3 (+/- 0.5) ppmv from below 500 K up to the

highest measurement point near 900 K. Also shown in Figure 1 are profiles from POAM at

nearby locations, which were taken two days previous and one day after the OMS profile.

POAM 03 profiles are not available near the OMS location on Nov. 18 or 19 due to safety

precautions for the Leonid meteor shower. The profile on Nov. 17 is somewhat closer to the

vortex edge (lower potential vorticity (PV)) than those shown for OMS on Nov. 19 and POAM

on Nov. 20. The POAM profile for Nov 20 is similar to the OMS profile within 10% (see also

Lumpe et al. [2002]). This lends important confidence to the quality of both data sets. The

stated accuracy of the OMS 03 instrument is 3-5% and the POAM 03 is <10% [Salawitch et al.,

2002; Lumpe et al., 2002]. The MkIV instrument [Toon et al., 1999] is als0 within 10% of the

POAM HI data from a balloon flight in the vortex on December 3, 1999 [Lumpe et al., 2002].

Also shown in Figure 1 is the profile from a climatology of 0 3 for November at 65 ° N based on

03 sonde and SAGE II data [Logan and McPeters, 1999]. Clearly the zonal mean, monthly

average climatology is not a good description of the measured vortex ozone in Figure 1.



Figure2 showsthesetof NH ozoneprofilesmeasuredby POAM onNovember30, 1999color-

codedby PV at 650K. November30 is shownasanexampledaywith goodPV coverage;other

daysin lateNovemberaresimilar. Thoseprofiles insidethepolarvortexhaveacharacteristic

distributionsimilar to thatseenin Figure 1,avery smallverticalgradientandamixing ratio near

3ppmv. Theprofiles from outsidethevortexhavehighermixing ratiosanda strongeraltitude

gradient.Figure2 alsosuggeststhat theclimatological03profile from Figure 1representsan

averageof profiles insideandoutsidethevortexalongthesamelatitude. Theobserved

displacementof thevortexfrom thepoleandthepositionof theAleutianhigh arecommon

featuresin thefall, sometimesreferredto asaCanadianwarming[Labitzke,1977;1982].

Figure3 showstheequivalentlatitude-potentialtemperatureaverageof POAM 03 for thesecond

half of November1999.This plot confirmsthatthecharacteristic03profile distributionsseenin

Figures1and2 areconsistentthroughoutthetime periodacrossmanyPOAM samples.

Subsequentsectionsof thispaperexplorehow stratosphericchemistryanddynamicscombineto

producetheinitial vortex03 distributionsummarizedin thesefigures.

Onefeaturethatis not fully consistentwithourcharacterizationof nearlyconstantvortex03 ata

mixingratio of 3ppmvis the 'notch' in theOMSprofile near550K, which hasamixing ratio

minimumof 2.4ppmv(Figure1,andalsodiscussedby Salawitchet al. [2002]). This featureis

not seenin thecorrespondingPOAMdata.ThePOAM verticalresolutionfor 03 in this altitude

rangeis about1.1km [Luckeet al., 1999]soPOAM shouldbeexpectedto resolvethis feature,

whichhasaverticaldepthof about3 km. Two questionsthenarise,is vortexairwith mixing

ratiosnear2.5ppmvmorecommonplacethantheanalysisabovewould indicate,andwhat ledto

9



therelatively lower 03seenin thismeasurement?POAM doesoccasionallymeasure03 less

than3 ppmvat 550to 600K, andthis appearsasslightlyhigherstandarddeviationin Figure3.

Howeverthenumberof POAMprofileswith O3lessthan2.7ppmvin Novemberis small (3)and

themeanis still 3+/- 0.3ppmvin theregionof interest.Examinationof 150 3 sonde profiles

from Nye Alesund (79 ° N, 12 ° E) in November and December 1999 finds one other profile

(Nov 11) with a similar low 0 3 "notch," with 2.7 ppmv at 22 mbar. The preponderance of the

sonde profiles looks very similar to those from POAM in Figure 2. Note also that the OMS Mk

IV 0 3 profile on December 3, 1999 from Esrange does not have the low 03 feature and is very

similar to the corresponding POAM profile. Thus we conclude that vortex air with mixing ratios

significantly less than 3 ppmv is uncommon in this time period. The origin of the notch feature

appears to be a remnant of low 03 produced earlier in the fall that has not been well mixed in the

vortex. Note that the nitric acid trihydrate (NAT) condensation temperature is about 191 K at 20

mbar increasing to 195 K at 50 mbar with 5 ppmv H20 and typical amounts of HNO3" 10 and 6

ppmv, respectively. Minimum analyzed temperatures were not below the NAT condensation

temperature by the time of the OMS flight [Manney and Sabutis, 2000; Newman and Harris,

2002], and there is no indication of early-season, accelerated O3 chemical loss [Salawitch et al.,

2002].

3. EVOLUTION OF 0 3 IN THE FALL SEASON

Figure 4 shows POAM 03 profiles in mid-September, 1999, before the vortex has begun to spin

up. Although the high-latitude 03 data for this time of year show a relatively large degree of

variability (similar to the range in Figure 4), the characteristics are clearly quite different from
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theNovemberprofiles(Figure2). In Septemberthe03amountgenerallyincreaseswith altitude

andmixing ratiosrangefrom about2.5to 6ppmvover500to 900K. ThePV gradientis small

atthis time. Diabaticbacktrajectoriesindicatethatair in thevortexat 650K attheendof

Novemberdescendsfrom about720K athigh latitudesin mid-September(Section5).

ThecompletePOAMIII time series(Figure5) showsregularlyrepeatingfeaturesin the

seasonalevolutionof 03at 650K. Throughlatespringandsummer,0 3 has relatively low

variance and steadily declining mixing ratios. In late summer we see a sharp increase in variance

and the appearance of minimum mixing ratios near the equinox. Minimum 03 mixing ratios are

as low as 2.2 ppmv. Variance is high through the fall and mixing ratios increase overall. Data at

650 K are shown since this potential temperature is near the middle of the range of interest.

Similar characteristics are seen at 600, 720, and 800 K, however 500 K is quite different [Hoppel

et al., 1999]. At500 K minimum 03 mixing ratios occur near August 1 with low variance

(+10%), and then increase to a Jan-Feb maximum. Variability in 03 at 500 K increases later in

the fall with the strengthening and distortion of the vortex, consistent with transport dominated

changes. Note that the POAM sampling is modulated by changing latitude. From mid August

through November, 1999 the POAM sampling latitude is between 60 and 71 ° N.

Figure 6 shows a close up of the 03 data for 1999 with points color coded by PV. The clear

segregation of lower 03 in the vortex, seen in Figure 2, is also apparent in Figure 6. Figure 6

makes clear that mixing ratios less than 3.3 ppmv, typical of the November vortex, are already

present at the end of the summer at high latitudes. There is no need to invoke deep descent in the

vortex, for example, to explain the relatively low mixing ratios there. Although low 0 3 mixing
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ratiovaluesin Septemberarenotnecessarilyconnectedto thevortexair in November,Figure6

raisestheinterestingpossibility of amechanisticlink betweentheevolutionof 03 athigh

latitudesanddevelopmentof thepolarvortexthatwill beexploredfurther.

4. DEVELOPMENTOFLOW 03MIXING RATIOS

In this sectionweuseoutputfrom theGoddard3-D CTM to diagnosethemechanismsbehindthe

developmentof low 03mixing ratiosseenin latesummerthroughfall in Figures3 through6.

TheCTM usedhereis animprovedversionof thatusedin previousanalysesof observations

from theHalogenOccultationExperiment[DouglassandKawa,1997]andfrom POAM,

ozonesondes,andalidar on theNASA DC-8 [Douglasset al.,2001]. Windsandtemperatures

aretakenfrom theversionof theGoddardEarthObservingSystemDataAssimilationthatwasin

operationaluseduringtheSOLVE mission.Thehorizontalresolutionof theassimilationfields

is 1° by 1°, andthestratosphericfields arenoisierthanthoseproducedby prior assimilation

systemsthatutilizeda2° latitudeby 2.5° longitudehorizontalgrid. Thevertical windsare

calculatedto maintaincontinuity, andthenoisyhorizontalwindsleadto extremelynoisyvertical

winds. To amelioratetheproblemsin thestratospherictransportcausedby thisnon-physical

noise,thehorizontalwindsaresmoothed,mappedto acoarsergrid of 2° by 2.5°, andsmoothed

againbeforebeingusedto calculateconstituenttransport.

Thetransportandphotochemicalcontributionsto theconstituentcontinuityequationsaresolved

sequentially.Advectionutilizestheschemedevelopedby Lin andRood[1996]; this scheme
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maintainssharpgradientsandappropriatecorrelationsfor long-livedconstituents,anddoesnot

produceunrealisticmaximaor minima. Thephotochemicalschemeincludesall gasphase

reactionsthoughtto beimportantin thestratosphere.Rateconstantsaretakenfrom JPL [1997]

with modificationsto NOx/NOy ratesconsistentwith JPL[2000]. Thesameschemesdescribed

by DouglassandKawa(1999)areusedfor particlegrowthandformationandto determinethe

ratesof heterogeneousreactions.Photolysisratesarecalculatedusingtemperaturedependent

crosssectionsandattenuatedsolarfluxesthatareinterpolatedfrom a tablelookupbasedon the

modelof AndersonandLloyd [1990]. Thesephotolysisratescomparefavorablywith the

photolysisbenchmarkthatwasdevelopedaspartof theAtmosphericEffectsof Aviation Project

[Stolarskietal., 1995].Thesimulationis initializedusingtheresultsof a simulationthatwas

drivenby windsandtemperaturesfrom thepreviousversionof theassimilationsystem.

TheCTM 03 timeseries(Figure7) andprofiles(not shown)showthesamekeyfeaturesasthe

POAM data,althoughwith somemixing ratiooffset. We usetheCTM to examinethechemical

andtransportmechanismsbehindtheobservedbehavior. In addition,theCTM is ableto fill in

the limited POAMlatitudesampling.Thedevelopmentof minimummixing ratiosandincreased

variance,characteristicof thedatain earlySeptember,is seenatlatitudesfrom 62 to 82° N in the

CTM at 650K. ThissuggeststhatthePOAMobserved0 3 changes in Figure 6 are not the result

of aliasing a latitude gradient into the time series by changing sample latitude. At 800 K, the

minimum mixing ratio occurs slightly later, near October 10, consistent with the POAM data.

The distributions seen in Figures 6 and 7 are similar at potential temperatures from 600 to 800 K

and the time series changes do not represent a simple descent of air across isentropes through the

time period.
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Theseasonaldecreasein lower stratospheric03at mid to high latitudesthroughthesummeris a

climatologicalfeatureof the03 seasonalcycle [BowmanandKrueger,1985]. Thisseasonal

declinewasthesubjectof intensescrutinyduringthePOLARIS field campaign[Newmanet al.,

1999].Thesummertimedecreaseis usuallyattributedto photochemicallossprocesses,which

exceedproductionandresupplyof 03via transportfrom higheraltitudesandlower latitudes

[FaheyandRavishankara,1999;Bruhl andCrutzen,2000]. In mid summer,in situproduction

andlossarelargein thehigh sunconditions,andwavedriventransportis at aminimum [Perliski

et al., 1989]. Summertimetransportof 03 is generallyconsideredto besmallcomparedto

chemistry,althoughtransportmayalsoplay arole in theseasonaldecline[Rosenlof,1999;

CorderoandKawa,2001].

Examinationof theCTM outputdemonstrateshowtwo factorscombineto producetheobserved

high varianceandminimum03valuesin latesummer.Theincreasein varianceis theresultof

stirringthecircumpolar03 gradientsattheendof summerasthewaveactivity beginsto increase

(Figure8). Asymmetricwavemotionsbringhigher03 from lower latitudespolewardandpush

low 03nearthepoleout to the latitudesnear68° sampledby POAM (seealsoParkandRussell

[1994];Bruhl et al. [1998]). In addition,thehigh latitudenet 0 3 photochemical loss is

accelerated at this time. Figure 9 shows that the net 0 3 percentage loss from the CTM at high

latitudes maximizes in late summer. Both production and loss maximize at the summer solstice

and the terms are near photochemical balance through September 1 at 66 to 70 ° N, 650 K. As

the solar zenith angles increase, 03 production from 02 photolysis falls off faster than 0 3 loss

from radical catalytic cycles (see also Perliski et al. [1989] and Farman et al. [ 1985]). This
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happensbecause02 photolysisoccursatshorterwavelengths,which areattenuatedmoreat

moderatezenithangles,thanphotolysisof theradicalintermediatesin 03 loss. As aresult,air

parcelswhosetrajectorypathsareconfinedto high latitudeslose03 relativelyquickly. The

latitudeof maximumlossmovesequatorwardthroughthefall andall photochemicalactivity

ceaseswhenthesunleavesthehigh latitudesfor theseason.Largerpercentagelossesareseenat

higheraltitudes,whichtendsto flattenthevertical03gradientasobserved.

As thevortexstrengthensthroughOctober,theisentropicminimumvaluesincreaseslightly

consistentwith continuedmixing, whichdilutestheminima(in theCTM at least),andincreased

diabaticdescent,whichtendsto increase03 in thevortex (Figures6, 7, and4). Thelow 03

abundances,however,arelargelymaintainedin thevortex,which is increasinglyisolatedfrom

lower latitude,higher03air, asthecirculationincreases.A strong03gradientacrossthevortex

edgein Novemberisproducedby transportandmixing of lower latitudeto higherlatitudes

outsideof thevortex(Figures2, 6).

Backtrajectorycalculationsfrom thePOAMdatapointsalsosubstantiatethatbothaccelerated

photochemicallossandstirring arewhatdrivestheseasonalminimum03mixing ratiosseenin

Figures5 and6. Trajectoriesfrom POAMsamplelocationsnear68° N in mid-Septembergoing

backto mid-Augustshowthat theparcelswith the lowest03mixing ratios in Septemberare

thosewith the leasttravelto lower latitudesandthuscontinuousexposureto conditionsof

maximumphotochemicalloss. Thatis, highaverageparcellatitudeis well correlatedwith low

03. However,high initial latitudeonAugust16is not well correlatedwith low 0 3 in September,

which argues against simple passive transport as the dominant process. Although uncertainty in
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trajectoriesmaybesignificant,thissuggeststhatcontinuedphotochemicallossis requiredin

additionto stirringof the low polar03createdthroughoutsummer,consistentwith the analysis

of Hoppelet al. [1999]. Theminimum03 in themodelandthedataoccursattheautumnal

equinoxat 650K andaroundOctober10at800K.

5. DYNAMICS OFVORTEX FORMATION

Weturn nowto thequestionof apossiblemechanisticlink betweenlow 03valuesandthe

formationof thevortex,assuggestedby Figure6. Theprimary mechanismdriving the

formationof thepolarwinter vortexis radiativecooling athigh latitudes,whichdominatessolar

heatingin low sunconditions. As thetemperaturecools,air descendsandvorticity increases.

Thisproducesarelativelyisolatedvortexairmasswith strongwesterlywinds. Longwave

coolingclearlydominatestheradiativeforcingathigh latitudesin fall, atleastin the

meteorologicalmodelunderlyingtheCTM (Figure 10). More than90%of this longwave

coolingis dueto CO2andH20 emission.03 is only aminor contributor_tothe long wave

cooling,but solarheatingis duealmostentirelyto 03 [Rosenfield,1992]. Polewardof 60°N,

shortwaveheatingfrom absorptionby 0 3 is about 20% of the net through October so a 50%

variation in 03 (e.g., Figure 6) would result in a 10% variation in net forcing. Thus, it is feasible

that 03 variations and their radiative forcing may exert some influence on vortex formation,

although clearly they are not dominant. This effect at the 10% level may help to segregate low

03 parcels into the vortex. We use trajectory calculations to see if we can estimate the effect of

03 variations in vortex formation.
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Backtrajectoriesfrom November30,whenthevortex is fully developed,to September15,when

little PV gradientexists,showasurprisingdegreeof organization(Figure11). Figure 11d shows

thattheair whicheventuallybecomesthevortexoriginatesalmostexclusivelyfrom latitudes

northof 67° in mid-September.A few trajectoriesthatstartathigh latitudesin Septemberdonot

endup in thevortex,butmostmapinto thevortex in November.Thedistributionof trajectory

endpointsin September(Figure 1lb) is fairly complete,i.e.,thereareno largeareasin

Septemberthat arenotsampledby thebacktrajectories.Similarplotsat differenttimesalong

thebacktrajectoriesshowthatthecorrespondencebetweenvortexandlatitudegreaterthan65°

is maintainedfrom 75 throughabout20daysbackindicatingthattheair wascontinually located

at high latitudesasthevortexdeveloped.This is consistentwith thetime seriesof PV

distributions.On aboutNovember17,awave-onewarmingdevelopedandthevortexbecame

asymmetricandshiftedoff thepolesimilar to thepatternseenin Figure 11a.

Thehigh-latitudeair descendsfrom a720K startingpoint,but descentoccursonawider spatial

scalethanthevortex(Figure11c), consistentwith abroadregionof cooling. Thedescentin the

vortexair,however,occursearlierin timeby about15daysthanthatin thesurroundingregion,

whichcatchesup to thevortexoverthe last15daysprecedingNovember30.

This trajectoryanalysisisconsistentwith previousstudiescitedabovethatemphasizethestrong,

zonally symmetricradiativeforcingthat drivestheearlyformationof thevortex,andthe

transitionto amorestronglywave-drivenregimeasthevortexcirculationstrengthens.It also

demonstratesthatourPOAM samplesof interestaretakenneartheedge(-67° N) of thesource

regionfor vortexair in September.
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Whether the early fall 0 3 variance exerts significant control on the vortex development is

difficult to discern from the data. Forward trajectory calculations from 75 POAM points in mid

September show only a weak correlation between initial 0 3 and final PV or between initial 03

and final potential temperature. A strong correlation might be expected if the low 03 were in fact

dominating control of which parcels became vortex air. A similar test with MLS 03 [Froidevaux

et al., 1994] for 1995, which has more complete latitude coverage (up to 80 ° N) in September,

also does not show a strong correlation between low 03 and PV or potential temperature.

Comparing Figure 1 lb with Figure 8 suggests that perhaps the vortex parcels tend to originate

preferentially from the lower 0 3 quadrants in the September 03 distribution (720 K is very

similar to 650 K), but the trajectory correlations of CTM 03 in mid September with PV on

November 30 show a lot of scatter. The weak correlations may not be surprising in view of

potential errors in long trajectory runs and the difficulty of diagnosing the effect of a relatively

small perturbation to the total forcing.

6. CONCLUSIONS

The distribution of 0 3 at high northern latitudes in the lower-to-middle stratosphere at the

beginning of the winter season, 1999-2000, is found to have a characteristic distribution

consistent between in situ and satellite measurements. Initial 03 profiles in the vortex are similar

to each other and are quite different from outside the vortex at the same latitude and also from a

zonal mean climatology. In the vortex, 03 is nearly constant from 500 to above 800 K with a
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valueat3 ppmv+/- --10%. Values outside the vortex are up to a factor of 2 higher and increase

significantly with potential temperature.

The seasonal time series of POAM data shows that relatively low 03 mixing ratios, which

characterize the vortex in late fall, are already present at high latitudes at the end of summer in

September before the vortex circulation sets up. The appearance of the seasonal minimum in 03

is accompanied by an increase in zonal variance at the end of the summer. These features are

also seen in a 3-D chemistry transport model (CTM) driven by meteorology from data

assimilation. Analysis of the CTM output shows that the minimum 03 and increase in variance

in late summer are the result of 1) stirring of polar concentric 03 gradients by nascent wave-

driven transport, and 2) an acceleration of net photochemical loss as productionvia 02

photolysis slows faster than radical catalytic loss with decreasing solar illumination. The lowest

03 amounts, generally at high latitudes, become isolated from mixing with lower latitude/higher

03 air as the vortex strengthens. Continued chemical loss, increasing with altitude, contributes to

the flattening of the vertical gradient and mixing within the vortex diminishes horizontal

gradients in the vortex.

The seasonal time series also shows clearly the segregation of low 03 mixing ratios into the

vortex as the vortex circulation strengthens through the fall season. This suggests a possible

feedback role between 03 chemistry and the formation of the vortex, which is dominated by the

seasonal radiation balance. Back trajectory calculations show that the air, which ultimately

becomes the vortex in the middle stratosphere, originates almost exclusively at latitudes north of

67 ° in September, re-emphasizing the role of net radiative cooling. Forward trajectories from 03
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samplepointsearlyin fall showonly aweakcorrelationbetweeninitial 03mixing ratioandPV

laterin theseason.This indicatesthat,if thereis afeedbackbetweenthechemistrythatcontrols

03andtheradiativeprocessesthatinitiatevortexformation,it is subtleanddifficult to detect

with availabledataandtechniques.This finding is consistentwith order-of-magnitude

calculationsfor therelativeimportanceof 03in thefall radiativebalanceat high latitudes.

Similarcharacteristicsareseenin mostotheryearsin theNH. We havelookedat POAMIII for

1998,which is quitesimilar to 1999in November/December,and2000(Figure5), POAM II for

1993to 1996,andMLS datafor earlieryears.POAM doesnotalwayssamplearangeof PV that

includesthevortexin November,but for thosetimeswith samplingathighequivalentlatitudes,

thedistributionsaresimilar to thosepresentedhere.We planafollow-on studyto examinethe

interannualvariability of early winter 03,vortexdevelopment,andvortexpersistenceandspring

0 3 loss. A time series of 0 3 at the South Pole [Cheng et al., 1997] shows a similar "flat" profile

and a mixing ratio of about 3 ppmv in April consistent with POAM II and III data from the

southern hemisphere. Waugh and Randel [1999] show that there is little interannual variability

in the size of the vortex through the October/November formation period over 20 analyzed years,

again emphasizing the radiative control of the early vortex stages. Manney and Sabutis [2000]

found that the early vortex development in 1999 was dynamically similar in structure to other

cold years in the NH (1994-1996), although late fall temperatures were colder than previous

analyzed years.

The strong zonal asymmetry in the 03 distribution at high latitudes has several implications. For

one, it means that the zonal mean climatology may not be a good initial state for 3-D model

2O



calculationsduringNH winter. Themodelsshouldeitherbestartedearly in thefall or should

utilize a3-D initial 03distribution. It alsomeansthat cautionshouldbeexercisedin developing

aninitial state for O 3 loss calculations using a limited amount of data in the fall, e.g., from

HALOE, which has limited high latitude sampling. Finally it suggests that a full 3-D 03 field is

needed for radiative calculations in general circulation models. We plan to run a test in the DAO

model with 3D 03 rather than the 2D climatology now used to see if the vortex develops more

realistically.

The possible connection between 03 chemisl_ry and the dynamics of vortex formation suggests

that these feedbacks and sensitivities need to be better understood. Initial (November) column

•03 at high latitudes is not well correlated with the minimum 03 in spring (March); however, the

strength of the vortex does exert a Strong control on the amount of chemical 03 loss in spring

[Newman et al., 2001 ]. To the extent that the dynamics of the vortex is linked to the abundance

of 03, these processes and their interactions need to be well represented in order to make

confident predictions of the recovery of NH 03.
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FigureCaptions"

Figure1. 03profilesfrom OMSdataonNovember11,1999(red),nearbyPOAM sampleson

November17and20 (blue),andNovemberclimatology (black). Also shownarethePV

distributions[Lait, 1994]atpotentialtemperaturesof 500,650,and800K onNovember19from

UnitedKingdomMeteorologicalOfficeanalyzeddata. The estimatedboundaryof thevortex

[Nashet al., 1996]is shownby thewhitecontourandthe03 samplelocationsareshownfor

OMS(white) andPOAM (bluesymbols).Both ascentanddescentprofilesareshownfor OMS.

OMS03dataaretakeneverysecondwithanoverall uncertainty(precisionandaccuracy)of 3 to

5%[Salawitchet al.,2002].

Figure2. 03profiles from POAM andPV distributionsfor November30, 1999. 03profiles are

color codedby theirPV valueat 650K. POAMsamplelocationsareshownby thewhite

symbolson thePV maps.

Figure3. Potentialtemperature-equivalentlatitudecompositesof POAM 0 3 data for the second

half of November 1999. Data are interpolated to potential temperatures surfaces, and averages,

standard deviations, and numbers of observations are calculated for each 5 ° equivalent .latitude

interval. The average position of the vortex edge [Nash et al., 1996] is shown by the dashed

white line.
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Figure4. 0 3 profiles from POAM and PV distributions for September 15, 1999. 0 3 profiles are

color coded by their PV value at 650 K. POAM sample locations are shown by the white

symbols on the PV maps. Other days in mid-September are similar.

Figure 5. Time series of POAM III 03 data from April 1998 through December 2000

interpolated to 650 K potential temperature. Sample latitudes are given above the upper axis.

Figure 6. Expanded view of part of POAM III 0 3 time series shown in Figure 5. Symbols are

color coded by potential vorticity at 650 K. Sample latitudes are shown across the top of the

plot.

Figure 7. Time series of O3 from the CTM interpolated to 650 K potential temperature and color

coded by PV similar to Figure 6. Plots are shown at 4 different latitudes output once per day

from the model.

Figure 8. Contour maps of 03 mixing ratio at 3 potential temperature surfaces on August 15 and

September 15, 1999 from the CTM. The POAM III sample latitude is near 60 ° and 68 ° N,

respectively.

Figure 9. Time-latitude zonal mean distributions of net photochemical 03 production in percent

per month from the CTM. Red to brown colors denote net production and yellow to blue are net

destruction. The zero contour line is bold. Production and loss rates for 0 3 are calculated off

line for each chemical cycle from the daily model output radical abundances. These compare
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verycloselyto totalproductionandlosssavedduringthemodelrun. Tothe extentthat

constituentdistributionsarezonally symmetric,thezonalmeanratesmaybe interpretedas

representinga diel averageat anypoint.

Figure 10. Zonally averagedshort-waveheatingand(negative)long-wavecoolingratesfrom the

meteorologicalassimilationunderlyingtheCTM transportwindsandtemperatures.Valuesare

givenat 3 pressurelevels,whichcorrespondapproximatelyto 500-800K, for October1, 1999.

Figure11. Resultsfrom 75-daydiabaticbacktrajectorysimulationfor November30, 1999. The

trajectorymodelof Schoeberletal. [2002]is usedwith datafrom UKMO. Panel(a)showsthe

PV distributionandequal-areadistributionof startingparcelpositions.Panel(b) showsthe

locationof theparcelsonSeptember16,1999superimposedona color-codedlatitude

background.Thewhiteparcelsymbolsarethosefrom insidethevortexedgeonNovember15in

panel(a). Thewhitecircle marksthePOAMsamplinglatitudein mid September.Panel(c)

showsthebeginning-in-timepotentialtemperaturesmappedontotheparcelpositionson

November15. Panel(d) showsthebeginning-in-timelatitudesof theparcelsmappedto

November15.
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POPULAR SUMMARY

In this paper the morphology and evolution of the stratospheric ozone (03) distribution at

high latitudes during the late summer and fall seasons are explored in the context of the

SOLVE/THESEO field mission performed during winter 1999-2000. Unusual behavior

of O3 is observed, and the causes and reasons behind the peculiar behavior are explained

using in situ and satellite data along with a three-dimensional model of chemistry and

transport (CTM). 03 in the vortex at the beginning of the winter season is found to be

nearly constant from 500 to above 800 K with a value at 3 ppmv (+/- -_10%), which is

very different from zonal mean climatology. Values outside the vortex are up to a factor

of 2 higher and increase significantly with potential temperature. Analysis of data from

the Polar Ozone and Aerosol Measurement satellite and the CTM shows that the low 03

and large variance begin in late summer as the result of 1) stirring of polar concentric 03

gradients by nascent wave-driven transport, and 2) an acceleration of net photochemical

loss with decreasing solar illumination. Segregation of low 03 mixing ratios into the

vortex suggests a possible feedback role between 03 chemistry and the vortex formation

dynamics, which may need to be better understood in order to make confident predictions

of the recovery of NH 03.


